Systemic administration of an aqueous suspension of group A streptococcal cell wall fragments to susceptible rats induces acute and chronic polyarthritis, as well as noncaseating hepatic granulomas. To gain insight into the role of the thymus in the pathogenesis of this experimental model, pathologic responses and cell wall tissue distribution were compared in congenitally athymic rats (rnu/rnu) and their euthymic littermates (NIH/ rnu). Within 24 h, both rat strains developed acute arthritis, characterized by polymorphonuclear leukocytic exudate in the synovium and joint spaces. This acute process was maximal at day 3 and gradually subsided. Beginning 2-3 wk after injection, the euthymic, but not the athymic, rats developed the typical exacerbation of arthritis, characterized by synovial cell hyperplasia with villus formation and T helper/inducer lymphocyterich mononuclear cell infiltration. This process eventually resulted in marginal erosions and destruction of periarticular bone and cartilage. Parallel development of acute and chronic hepatic lesions was observed.
Introduction
Erosive polyarthritis can be produced in rats by a single intraperitoneal injection of an aqueous suspension of cell wall fragments from selected bacteria such as group A, B, or C streptococci and some lactobacilli (1) (2) (3) (4) (5) . A common property of the arthri-togenic cell walls is lysozyme resistance, which allows these cell walls to persist in tissues for prolonged periods oftime (6) . After cell wall injection acute, symmetric erythema and swelling of the distal joints appear within 24 h, reach maximum severity within 3-5 d, and then subside. This acute reaction develops coincidentally with deposition of cell wall fragments in the synovium (7, 8) . About 14-21 d after injection, an exacerbation of the arthritis develops and persists for months. This chronic disease is characterized histologically by hyperplasia ofthe synovial lining cells, infiltration of the synovial sublining area with macrophages and lymphocytes, proliferation of fibroblast-like cells, and erosive destruction of subchondral and periarticular bone and cartilage. It is associated with persistence of cell wall fragments in the synovium.
Although susceptibility to chronic arthritis in this model is dependent upon rat strain and sex (2, 9) , the role of the thymus and thymus-derived T lymphocytes is controversial. Hunter et al. (10) concluded on the basis of thymectomy studies and skin test responses to cell walls in outbred rats that thymus-dependent immune processes were not involved in the pathogenesis of the arthritis. Because mononuclear cell infiltration is prominent in the chronic synovitis and bacterial cell walls are well-known modulators of mononuclear cell function (7) , we have reevaluated the role ofthe thymus by comparing congenitally athymic rats (mu/mu) and their euthymic (NIH/mu) littermates after injection of group A streptococcal cell walls. Our results provide evidence that the acute and chronic arthritis are mechanistically distinct. The acute arthritis appears to be thymus-independent and is probably the result ofa complement-mediated toxic effect of the cell walls, which develops after the deposition of this material in synovium. The later developing chronic arthritis is thymus-dependent and appears to represent a cell-mediated inflammatory reaction, dependent upon the persistence ofthe cell walls in the mononuclear phagocytic cells in synovium. These conclusions were derived, in part, from the observation that both the congenitally athymic and euthymic rats developed acute polyarthritis, but only the euthymic rats developed the typical chronic, erosive and proliferative polyarthritis. The acute process was characterized by extensive fibrin deposition, edema, and predominantly polymorphonuclear leukocytic infiltration, whereas the chronic disease was characterized by synovial cell hyperplasia, intense T lymphocyte-rich mononuclear cell infiltration that was associated with cartilage destruction and marginal bony erosion. A similar biphasic process was also observed in the livers of the euthymic, but not the congenitally athymic rats.
Methods
Animals. Female, specific pathogen-free, defined flora, congenitally athymic nude rats (mu/mu) and heterozygous, euthymic (NIH/mu) lit-termates, weighing -100 g at the initiation of each experiment, were obtained from the Small Animal Section, National Institutes of Health. These outbred strains were derived by crossbreeding with outbred Rowett congenitally athymic nude rats. The congenitally athymic nude homozygotes (mu/mu) lack functional T lymphocytes as indicated by failure to reject skin allografts, the absence of a delayed hypersensitivity reaction to tuberculin, the inability to generate immunoglobulin G in response to thymus-dependent antigens, and unresponsiveness of spleen cells after stimulation with T lymphocyte mitogens (1 1, and Hansen, C. T., personal communication).
The euthymic and athymic littermates were bred and maintained together under specific pathogen-free conditions. Throughout the course ofexperimental observation, the animals were housed in cages with filter tops (Lab Products, Inc., Maywood, NJ) that were opened only in a laminar flow biological safety cabinet. These animals were tested serologically (Microbiological Associates, Bethesda, MD) at the completion of the experiments for mycoplasma, and the following viruses: reo type 3, pneumonia virus of mice, encephalomyelitis, Sendai, mouse adenovirus, Toolan H-1, Kilham rat virus, lymphocytic choriomeningitis, and rat coronavirus/sialodacryoadenitis virus. Serologic evidence of infection was never detected in the experimental animals nor was the presence of pathogens found in sentinel animals also maintained in the animal holding areas. As an additional monitor on the health of the animals, gross and histopathologic examination ofthe lower respiratory tract was done.
Induction and evaluation of arthritis. The preparation of cell wall fragments from group A streptococci and the induction and scoring of the polyarthritis were done as previously described in detail (2) . Briefly, a sterile suspension of sonicated streptococcal cell walls in phosphate buffered saline, pH 7.4, was injected intraperitoneally into both athymic and euthymic rats at a dose equivalent to 40 ug of cell wall rhamnose per g of body weight ( 12) . This dose consistently induces severe arthritis in susceptible rats. Extremities distal to the elbow or knee were graded on a scale of 0-4, based on the number ofjoints involved, the degree of erythema and swelling, and the degree ofdistortion of normal joint contours. The scores for each extremity were summed. Thus, the maximum joint score was 16 for each rat. Control rats were injected with an equal volume of phosphate-buffered saline.
Histologic evaluation. Representative animals were examined by histologic techniques at 1, 2, 3, 7, 12, 21, 42, 56 , and 84 d after injection. Tissue specimens were fixed in 10% buffered formalin, decalcified in 10% EDTA, if necessary, and stained with hematoxylin and eosin, and phosphotungstic acid-hematoxylin in order to detect fibrin deposition (13) . The slides were coded and analyzed for evidence ofan inflammatory reaction and/or other tissue abnormalities.
Identification ofstreptococcal cell wall antigens in tissues by an immunoperoxidase technique. Formalin-fixed tissue was embedded in paraffin, sectioned, and stained for group A streptococcal cell wall antigens using an immunoperoxidase technique (14, 15) (ABC VectaStain Kit, Vector Laboratories, Inc., Burlingame, CA). The sections were deparaffinized with two 5-min washes in xylene and rehydrated by sequential rinses in absolute, 90% and 85% alcohol. The final rinse was in 0.05 M Tris/0. 15 M NaCl buffer, pH 7.4. All incubations were performed at room temperature in a humid chamber. The rehydrated sections were incubated for 60 min with rabbit anti-group A streptococci globulin, 0.01 g, (Difco Laboratories, Detroit, MI), washed for 5 min in buffer, and incubated for 30 min with a biotinylated goat anti-rabbit globulin (ABC VectaStain Kit). The slides were again washed. Endogenous peroxidase activity was exhausted by incubating the sections in 1.5% H202 in methanol for 10 min. The slides were then washed in two changes of buffer and incubated for 45 min with VectaStain ABC Reagent (ABC VectaStain Kit) which consists ofan avidin and biotinylated horseradish peroxidase complex. The slides were washed and color was developed by immersion in a solution of 0.05% wt/vol 3,3, diaminobenzidine tetrahydrochloride (Sigma Chemical Co., St Louis, MO), 0.04% wt/vol nickel chloride, and 0.003% hydrogen peroxide in buffer. (16) .
Interleukin I (IL-I) production and assay. Spleen cell suspensions (6 X 106/ml) were incubated for 2 h at 37°C and washed to remove nonadherent cells. The athymic rats routinely had more a-naphthyl esterase-positive cells, often representing up to 50% of the mononuclear cell population. The adherent spleen cells were stimulated for 48 h with 5 ig/ml streptococcal cell walls or 40 gg/ml lipopolysaccharide (Escherichia coli 055:B5, Difco Laboratories). These supernatants were assayed for IL-l activity by using thymocytes from 6-8-wk-old C3H/HeJ mice as previously described (17) . Briefly, single-cell suspensions of thymocytes were prepared and resuspended in RPMI 1640 containing 15 mM Hepes, 5% fetal calf serum, 100 U/ml penicillin, 100 ,g/ml streptomycin, and 5 X l0-5 M 2-mercaptoethanol. Thymocytes were cultured for 72 h at 1.5 X 106 cells/well in 96-well tissue culture plates in the presence or absence of 1.5 ug/ml PHA and twofold dilutions of the supernatant to be assayed for IL-l both the athymic and euthymic joints at this time were mononuclear leukocytes. Low-grade villus hypertrophy and proliferation ofsynovial subliming fibroblast-like cells were also apparent. In sharp contrast to these early events, major histologic differences between the two groups were noted at later time points (Table II, Fig. 5 A and B) . Substantial histologic differences, however, were observed at later time points, as illustrated in Fig. 6 . Fig. 6 A and B depict a section of liver from a representative athymic rat 12 wk after injection, showing small focal areas of loosely organized mononuclear cells in the periportal regions. In contrast, Fig. 6 C and D show a section of liver from a representative euthymic rat. As described in previous studies (2) , relatively large noncaseating granulomas were evident, consisting oforganized aggregates ofmature macrophages and lymphocytes, with a more peripheral rim of fibroblast-like cells. These granulomas were present in the portal areas and in the parenchyma. Plasma cells, multinucleated giant cells, and eosinophils were also present within the granulomas. There was little evidence of hepatic cell death. Thus, in both liver and joints at later time points, the euthymic rats developed much more severe histologic evidence of disease than the congenitally athymic rats.
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Cell wall distribution. The distribution and persistence in tissues of the cell wall antigens were compared by immunoperoxidase staining. Consistent with our previous reports, there was a direct correlation between tissue deposition of the cell walls and the development of inflammation at the site of deposition (7, 19 particularly around blood vessels, in subchondral bone marrow ofinflamed joints, and diffusely throughout the livers and spleens from both the -euthymic and athymic rats (Fig. 7) . Although staining was less intense, cell wall antigens were still demonstrable in the synovial tissues, livers, and spleens from both athymic and euthymic female rats 12 wk after injection (Fig. 8) . The concentrated mainly in the hepatic granuloma in the euthymic rats ( Fig. 8 C) , whereas antigen was more uniformly distributed throughout the liver in the athymic rats (Fig. 8 F) . Higher mag- in the controls used for the immunoperoxidase technique. Thus, as summarized in Table III , cell wall antigens were detected in the synovial tissues, bone marrow, spleen, and liver of both eu-(X 62 and X 169, respectively). (C and D) Sections from a representative (n = 11) euthymic rat (X 62 and X 169, respectively). from the euthymic and athymic rats. As shown in Fig. 11 A, the synovium from cell wall-injected euthymic rats exhibited highgrade infiltration by lymphocytes that expressed the pan T lymphocyte cell surface marker, W3/13. These lymphocytes tended to form nodules around blood vessels. In the nodules, the ratio t Adherent cells derived from 6 X 106 spleen cells were cultured with no stimulus (control), 40 gg/ml lipopolysaccharide (LPS), or 5 ug/ml streptococcal cell walls (SCW) and the 48-h supernatants were tested for IL-l activity as described in Methods. More adherent cells were routinely obtained from the athymic rats which may explain the relatively higher levels of IL-I activity in this strain compared to the NIH/ Mu.
rats. Fig. 12 shows the relatively normal appearing synovium 6 wk after cell wall injection with the relative absence of lymphocytes expressing T lymphocyte-associated cell surface markers.
Discussion
Although it has previously been reported that thymus-dependent immune processes are not involved in the pathogenesis ofgroup A streptococcal cell wall-induced arthritis in rats (10) , other evidence has suggested a possible role for T cells (7) . The objective ofthe present study was to evaluate this controversial conclusion. Our data provide evidence that the thymus is, indeed, required for the development of chronic, erosive arthritis and hepatic granulomas, but plays an insignificant role in the development of the acute, exudative joint and hepatic inflammation. The mechanisms underlying the biphasic development of streptococcal cell wall-induced arthritis in susceptible rats have received little attention. When considered in the context of previous information, the data presented in our present study sup- port the view that the acute inflammatory lesions, which reach maximum severity 3 d after injection and subside thereafter, are a direct toxic effect of the cell walls at sites of tissue deposition (7, 19) . Group A streptococcal cell walls activate complement components (20, 21) , and complement components are involved in the early phase of arthritis (20) . Moreover, pretreatment of streptococcal cell wall-injected rats with cobra venom to deplete circulatory complement components significantly reduces joint lesions in the acute phase, but does not affect the chronic course (22) . Thus, it appears likely that the acute polyarthritis is directly mediated by the local activation of the complement system. Complement activation probably leads to subsequent activation of other humoral effector systems and infiltration of the tissue disease in the liver. The acute disease was similar in the congenitaly athymic rats and euthymic littermates. In contrast, our data provide strong evidence that thymus- dependent processes play an essential role in the subsequent development of chronic, erosive joint disease. Although both the athymic and euthymic rats developed acute polyarthritis, the athymic rats failed to develop chronic proliferative and erosive polyarthritis. Their euthymic littermates, on the other hand, developed prominent synovial cell hyperplasia, intense infiltration with T-lymphocytes and macrophages, and severe erosion ofbone, as well as cartilage destruction, in peripheral joints. The development of arthritis in the athymic and euthymic rats was paralleled by the development of hepatic granulomas. Noncaseating granulomas were only observed in the euthymic rats. Hunter et al. (10) reported the development of both acute and chronic arthritis in neonatally thymectomized outbred rats. In addition, they failed to elicit a delayed-type skin test response in either thymectomized or control rats after intradermal injection of cell wall peptidoglycans during the chronic phases of the disease (10) . They concluded that thymus-dependent immune processes are not a pathogenetic factor in the experimental model. Because neonatal thymectomy is technically very difficult, it is possible that these investigators (10) failed to demonstrate the important role of the thymus, because they did not achieve complete neonatal thymectomy. Moreover, it should also be noted that the lack ofa delayed-type skin test reaction in response to bacterial cell wall peptidoglycan certainly does not exclude a thymus-dependent process. The same lack of response to peptidoglycan has been observed in adjuvant arthritis, an experimental model clearly dependent upon the thymus (23).
Our present, as well as previous, studies also support the view that the development ofchronic arthritis is dependent upon the persistence of the cell walls in phagocytic mononuclear cells in the synovium (7) . Chronic arthritis does not develop in the absence of deposition and persistence of cell wall antigens in synovial tissues (7) . In the present study, we have demonstrated that the subchondral bone marrow of the distal extremities is also a major site of cell wall deposition and persistence. Because synovial blood vessels originate from periosteal, subchondral, and osteomedullary vessels (24) , we suspect that the marrow may provide a depot from which cell walls are mobilized and then deposited in the adjacent synovial tissues. Marrow deposition of the cell walls with subsequent osteoclast activation probably also contributed to the periarticular demineralization that developed in susceptible euthymic rats. Similarly, the deposition and persistence ofcell walls in mononuclear phagocytic cells of the liver and spleen were associated with granuloma formation in the euthymic rats. However, despite cell wall dissemination to and persistence in various tissues, significant chronic disease was not observed in the congenitally athymic rats.
The data provide evidence that the chronic phase of disease in susceptible rats represents the development ofa T lymphocyteand macrophage-mediated reaction that is a consequence ofthe persistence ofthe cell walls in macrophages ofthe affected tissues. As a possible objection to this conclusion, one might propose that genetically controlled factors other than those regulating thymus-dependent, lymphocyte maturation determined the disparate incidence of chronic arthritis and hepatic granuloma development that we observed between the heterozygous euthymic (NIH/mu) and homozygous athymic (rnu/mu) rats. Infection in the athymic rats, background susceptibility, and resistance genes distinct from the mu gene(s), and phenotypic effects of the mu gene(s) unrelated to the thymic development (pleiotropy) are potentially relevant issues.
Infection in the athymic rats clearly appears unlikely. No evidence for pathogenic infection was found during these experiments in either the euthymic or athymic rats, presumably because of the rigorous efforts that we made to maintain a pathogen-free environment. No unexpected mortality or growth retardation were observed. With regard to background susceptibility genes unrelated to the mu gene(s), it should be noted, as shown by previous studies (2, 9) , that such gene loci undoubtedly exist, but, for several reasons, they are highly unlikely to have determined the disparate incidence of disease in the euthymic and athymic rats. First, the rats used in this study were from a specific pathogen-free common source (Small Animal Section, National Institutes of Health). Secondly, we studied only female littermates, and thirdly, all the rats were progeny of heterozygous (NIH/rnu) females and homozygous (mu/mu) males. This breeding strategy and experimental design resulted in production of about equal numbers of homozygous and heterozygous females. Thus, susceptibility and resistance background genes that were not linked to the mu gene(s) were, in theory randomly distributed in the progeny. Consequently, these genes were highly unlikely to have determined the differences observed between euthymic and athymic rats. Background susceptibility and resistance genes linked to the mu gene(s) also seem Although cells bearing similar cell surface markers were present in the synovial tissues of cell wall-injected congenitally athymic rats, the intensity of infiltration was strikingly less than that in the euthymic rats. This finding is consistent with previous reports that the athymic nude rat has a small proportion oflymphocytes that bear markers considered specific for T lymphocytes, although they are grossly impaired in expressing T cell functions (25) .
Additional information supporting a role for T lymphocytes is our observation that the immunoregulatory drug, cyclosporin A, a drug that profoundly inhibits T-inducer lymphocyte activation without apparent effects on T suppressor cells, markedly suppressed the development of chronic arthritis and hepatic granuloma formation. The drug, as is consistent with observations in athymic rats, has no significant effect on the development of the acute exudative inflammation (26, and Yocum, D. E., J. B. Allen, S. M., Wahl, and R. L. Wilder, manuscript submitted for publication). In addition, we previously demonstrated that mononuclear cells from cell wall-injected rats spontaneously produce in vitro several factors thought to be important in chronic inflammation, such as lymphocyte-derived chemotactic factor (7) . Taken together, these data provide strong evidence that T lymphocyte-mediated immunologic processes play a major role in the pathogenesis of the chronic phases of this experimental model. It is hoped that future experiments (thymus transplants, cell transfer studies, etc.) will further clarify this issue.
The detailed mechanisms responsible for the production of tissue injury are not yet clear, but, as suggested above, it appears that the persistent cellular reaction is associated with the production of various monokines, lymphokines, and degradative enzymes. For example, we have demonstrated that collagenase and prostaglandin E2 are spontaneously secreted by the diseased synovial tissues when cultured in vitro (27) . The action of these substances and other neutral proteases, as well as that of various lysosomal hydrolases, probably results in degradation of connective tissue proteins. In addition, various cytokines are probably produced that activate osteoclasts, fibroblasts, and other synovial cells in adjacent tissues of the joint. The activation and probably the proliferation of these cells may result in additional tissue degradation and may provide the final common pathway for joint destruction. Similar processes probably occur at other sites of cell wall deposition such as liver and spleen.
Of additional interest relevant to the issue of mechanisms oftissue injury were our observations that adherent mononuclear cells derived from spleens of the congenitally athymic rats produced as much or more of the monokine, IL-1, after in vitro stimulation with streptococcal cell walls and other stimuli, as did the euthymic rats but, as noted, the athymic rats lacked functional T cell activity. IL-1 has been suggested by some investigators to be a critical mediator in various chronic synovitides in humans because of its reported ability to induce synovial cell proliferation and activation (28) . Our data suggest the possibility that IL-1 in the absence of significant numbers of functional T cells or their products is not a sufficient stimulus for the development of chronic erosive synovitis, at least in the cell wallinduced arthritis model. In any event, our findings provide new insights into the pathogenesis of the streptococcal cell wall-induced model ofchronic inflammation. They may provide insight into the pathogenesis of chronic inflammatory diseases such as rheumatoid arthritis in that evidence has been provided that similar T lymphocyte-and macrophage-mediated immunologic processes appear to be important in this disorder (29, 30) .
Our findings also parallel those of many investigators who have explored the role of the thymus in the pathogenesis of other models of arthritis (31-4 1). Klareskog et al. (31) investigated the role of the thymus in collagen II-induced arthritis in athymic and euthymic rats and concluded that functional T cells are needed for the development of destructive arthritis.
Adjuvant arthritis also appears to be mediated by the T lymphocyte, because it can be passively transferred to normal rats by immune lymphocytes but not by antisera (32, 33) . Also, the fact that heterologous antilymphocyte serum or globulin completely suppresses the induction of adjuvant arthritis (34) is further evidence implicating the T lymphocyte. Koshashi et al.
found that muramyl-dipeptide in oil, a synthetic adjuvant, induces severe polyarthritis in euthymic rats, whereas congenitally athymic nude rats do not develop the disease (40, 41) . Our findings reported here provide a new approach to explore the role of the thymus and the cellular processes involved in the pathogenesis of acute and chronic inflammatory disease.
